In this paper, certain properties, such as the piezo-resistivity, of graphene will be explored to show how they can be utilized to make a stress sensing device. Our original fabrication process of patterning graphene and the transfer process of graphene onto a flexible substrate will be discussed. The development of a stretchable and flexible graphene based sensor will also be detailed. Many graphene sensors that have been developed are uni-directional. In other words, they can only measure the strain applied on the sensor in a principle direction which has limited real-world applications. This issue was solved in this paper by arranging the graphene sensors in a rosette pattern which enabled for multi-directional strain detection. The strain sensor was further improved by stacking the graphene sensors in a rosette pattern; which was possible by leveraging the advantages of soft lithography and bonding processes and the flexibility of graphene. Our final device was a stacked rosette graphene strain sensor that was able to measure strain in multiple directions and magnitudes simultaneously.
Introduction
Graphene is a material that has been generating interest in the microelectromechanical systems (MEMS) field due to its thinness, high carrier mobility [Chen, Nat. Nano tech., 3, 206 (2008) ](4), high Young's modulus [C. Lee, Science 321, 385 (2008) ] (5), and numerous other properties [ K. S. Novoselov, et al. Nature 11458, 2012] (3) . Graphene is a single layer of Carbon atoms arranged in a hexagonal structure [A. K. Geim, Science 324, 2009] (2) The possible applications for graphene are being extensively researched [K. Novoselov, Roadmap, Nature] (3). The potential applications are numerous from graphene replacing silicon to graphene hybrid materials. However there are very few investigations in the MEMS field for using graphene as the strain sensing material in a sensor. It has been reported that graphene has a piezo-resistance response [Lee, Nano Lett. 2010 ] (7) and that it exhibits high sensitivity to stress [Fu X-W, Strain dependent resistance in CVD graphene, Appl Phys Lett., 2011] (8).
Additionally, experiments have shown that graphene has excellent stretch ability and repeatability of stretching [Kim, K. S., et al. nature 07719, 2009] (9) . These properties have made graphene a good candidate for stress and strain sensing applications.
In this paper, a Graphene-based MEMS pressure and strain sensor fabricated and patterned using a standard lithography process will be first presented as background information.
The graphene strain sensor was transferred onto a thin, flexible plastic substrate after patterning.
In addition a relatively simple method of patterning graphene using a standard lithography process and the method of transferring the graphene onto a flexible substrate of PDMS will be discussed. Also, the process to manufacture a multi-directional strain sensor that eliminates the limitations of a single strain gauge will be presented. The multi-directional strain sensor is manufactured by aligning 3 single strain gauges in Rosette manner to allow for measuring strain in multiple directions and magnitudes. Lastly, the consistency and repeatability of these strain sensors that are produced will be demonstrated.
Experimental details
The processing diagram of our graphene fabrication method is show in Figure 1 .
The photolithography process begins by depositing a photoresist to form and protect the desired pattern on the graphene. The initial CVD graphene on nickel was spin coated with the photoresist AZ5214 at a rate of 500 rpm for 25 seconds, this spin speed ensured a layer of ~10 um of photoresist that will be used to protect the graphene during the etching process. A thick layer of photoresist was needed because graphene is a tough material to etch due to the strength of its carbon bonds, therefore etching was a long process and the photoresist needed to resist through the etching process to protect our pattern graphene. After the thick layer of photoresist was spin coated onto the graphene a pre-bake process followed; the sample was baked at 90 degree Celsius for 15 minutes to drive off excess photoresist solvent and to harden the photoresist.
The next step the photolithography process is ultraviolet (UV) light exposure of the photoresist. The mask also determines the desired pattern that will be etched into the graphene. The mask is aligned with the graphene and placed in the UV exposure area. The photoresist covered graphene is then exposed to intense UV light for 90 seconds at 2mW/cm^2, this causes a chemical change in the exposed areas of photoresist so that is becomes soluble to be removed by the developer solution. The graphene is then submerged into photoresist developer, to remove the exposed areas of photoresist, and developed for 2 minutes and 30 seconds. The development time is determined by the thickness of the photoresist and due to the thick layer of photoresist, a long developer time is needed to ensure complete removal of photoresist for etching process.
Post-bake or hard-baking process of 120 degrees Celsius for 10 minutes reinforced the photoresist to make it more resistant to the 02 plasma etching process used for etching graphene.
For the fabrication procedure, the graphene etching is done with an 2 oxygen plasma etcher Diener electric. The graphene is placed in the plasma etcher, the air is vacuumed from the chamber, and then oxygen is flowed at a low pressure into the chamber and excited into plasma through dielectric breakdown. Process settings for the plasma etching were: 100% power, 8sccm (standard cubic centimeter per minute) oxygen flow rate, oxygen pressure of 8Pa. The graphene etching process took 1 hour. Following the etching process, the photoresist had to be removed from the graphene and the graphene was also removed from the silicon wafer base that it was attached to during this process. The use of acetone stripped away the photoresist on the graphene pattern and the resist holding the graphene to the silicon base. After a rinse to clean the surface of the graphene, it is now ready for the transfer process. The unique aspect of our patterning process is that with a change of the mask it is possible to create different patterns, sizes, and shapes on the graphene. Research focused on graphene patterning, the patterns are typically micron to millimeter sized feature sizes, and it is easier to pattern on a bigger scale for large-scale graphene work. This makes our patterning process adaptable to many research applications. This method makes vast improvements to current methods of patterning graphene. It is completely adaptable to desired patterns, great resolution of feature sizes, and incorporates a common process semiconductor process.
Graphene Transfer
A transfer method that combined both wet and dry methods was developed, and this allowed for the utilization of the advantages of both methods. The use of a PDMS stamp was used as a substrate and a nickel etching solution of ferric chloric acid was used to etch away the initial nickel substrate in a wet transfer.
A PDMS stamp was made by mixing PDMS and curing agent with a ratio of 15:1, as mentioned above this ratio was determined to have the best characteristics needed for graphene transfer. The liquid mixture was then put into a vacuum chamber for 60mins to remove any air bubbles trapped in the PDMS from the mixing process. By removing any air bubbles it ensured that the fabricated PDMS stamp would be smooth for best surface adhesion to the graphene.
Next the PDMS was poured on a glass slide to create a flat smooth surface and then it was cured on a hot plate for 1 hour at 75 degrees Celsius to create the PDMS stamp. At this temperature and time, it ensured that the PDMS stamp was cured enough to work with as a stamp yet maintained enough tackiness to adhere to the graphene [Yoo, Takei; Nanotechnology 24, 2013] (56). If the PDMS was cured at too high of a temperature, this decreased the cross-linking of PDMS to graphene and the flexibility of the stamp is decreased. If the PDMS was cured at too low of a temperature, the PDMS would under-cure and formed a gel instead of a stamp. These effects also occurred at too high of a time or too low of a time. The flat smoothness of the PDMS stamp is of crucial importance to ensure good surface to surface bonding between the graphene and the PDMS. The PDMS stamp was fabricated on a glass slide to make sure the stamp was a smooth flat surface.
Once the PDMS stamp was created, it needed to be attached to the patterned graphene.
Make sure the graphene is flat and on a solid flat surface, slowly attach PDMS stamp smoothly onto the graphene. Apply pressure on the PDMS stamp to ensure good adhesion to graphene and to remove any air trapped between the two. Once the PDMS stamp was well attached to the patterned graphene it was then placed into the metal etching solution.
The nickel etching solution was a ferric chloride solution that was prepared with 27 grams of ferric chloride and 300 ml of DI water or (~0.1 g/ml). The PDMS/graphene/Ni slab was placed into the etching solution for 24 hours until the Ni was etched completely away Figure 8 An aqueous iron (III) chloride (FeCl3) solution (1 M) was used as an oxidizing etchant to remove the nickel substrate. The net ionic equation of the etching reaction is:
Raman spectroscopy tests
Raman spectroscopy is an important part of graphene research. It can be used to determine the number of layers of graphene present, the quality and type of graphene, and the effects that strain, doping, stress, electric and magnetic fields have on graphene [57] . Raman spectroscopy is the ideal tool that provides fast, high resolution, non-destructive characterization of graphene [58] . The use of Raman was used in our research to confirm the successful transfer of graphene and to obtain an estimation of how many layers of graphene were transferred.
There are three main peaks of phonon scattering in graphene that detail important properties. At a frequency around 1550 −1 there is a peak called the G peak which is observable in all carbon materials, only the optical phonon with zero momentum is present at this specific frequency. A 2D peak with frequency around 2700 −1 is indicative of second order Raman scattering. This 2D peak is the resonant scattering in which the incident photon energy coincides with the real energy band. The fewer layers of graphene that are present, the sharper the 2D peak will be at 2700 −1 . The sharpness of the 2D peak for our graphene indicates there are at most 10 layers of graphene present. If defects are present in the graphene, this may lead to the "D" peak. 
Single graphene sensor
A strain gauge is a device that measures strain. It works by having a flexible backing that supports a metallic foil pattern. This gauge is attached to an object and as that object is deformed, the foil also undergoes deformation which caused the electrical resistance to change.
Instead of a metal foil, the patterned graphene is the resistance changing element in the sensor.
A single graphene sensor consisted of a pattern graphene resistor attached to a PDMS substrate.
As strain is applied with a tensile bench to the graphene, the resistance can be measured with a multi-meter. Results show that as strain is applied, the resistance shows a linear trend of increase with the strain applied. However a single resistor is limited in its real-world applications.
To improve the robustness and stability of our graphene contacts during strain testing, liquid metal was injected to reinforce the contact areas. This prevented the graphene contacts from deteriorating when strain was applied during testing. The liquid metal also had the added benefit of enabling our device to maintain flexibility and made measurements of the different layers of the device easier.
Stacked rosette strain sensor
In the field of strain sensing, the rosette pattern is commonly used because it allows for multi-directional strain sensing. Rosettes are designed for experimental stress and strain analysis. A strain gauge rosette is an arrangement of two or more closely positioned gauges. In common cases where the principal directions of strain are unknown, all it takes is three independent strain measurements (all of different directions) to determine the principal strains or vice versa. However where most devices have a planar rosette pattern, due to the flexibility of graphene, it is possible to stack our devices to form the rosette pattern and this is advantageous over current planar rosette sensors. A stacked rosette minimizes sensor size yet is still able to measure multiple directions and magnitudes of stress to a very precise point. In traditional MEMS sensor fabrication with silicon, a stacked device is unfeasible due to the rigidness of the material. Graphene on the other hand is as flexible as the flexible substrate is it transferred onto which allows for a stackable strain sensing device. 
Chapter 3: Device Performance and Results

Piezoresistive effect
To test the theory that graphene will change resistance when strain applied and it is a consistent and repeatable method for measuring resistance changes, our device was put on a strain stage that enabled us to apply controlled strain. Also required was to test whether this fabrication and transfer process produces a graphene pattern that will perform as expected. First to check the graphene pattern for completeness of patterning, transfer and connectivity, strain was applied to the graphene using a tensile stage and resistance change was measured using a multimeter. As can be seen in Figure 8 , there is a linear correlation between the applied strain and change in resistance in the graphene. Deviations from this linear pattern occur when the graphene in the sensor is stretched past a certain point in which the graphene starts to break and tear.
The piezoresistive properties of graphene were tested by applying strain to a single graphene resistor. The van der Waals force between PDMS and graphene provide a strong adhesion and therefore the strain experienced by the PDMS is also experienced by the graphene. Figure 9 shows the measuring system setup to measure the piezoresistive properties of the graphene strain sensor. To measure the piezoresistivity, the PDMS with graphene sensor is stretched along a uniaxial direction at small increments 0.1mm (~0.01%). During the stretching, a multimeter was applied to the graphene strain sensor to measure the change in electrical resistance. In a neutral, no strain, position the distance between the two fixed ends was 10mm (0%) mm and at max strain the ends was measured at 11mm (10%). Throughout the test, the electrical resistance was continuously measured as a function of applied strain. As shown in 
Strain Test of Single Graphene Sensor
throwing off the electrical resistance. The graphene sensor does show good repeatability, the sensor underwent multiple trials of stretching and un-stretching and the electrical resistance was continuously measured. Figure 10 shows that the sensor showed good consistency in measuring the relationship of applied strain to electrical resistance and through that the relationship of applied strain and current. Typical electrical resistance of a commercial semiconductor strain gauge is 1kOhms.
Rosette design for multi-directionality
A single graphene based strain sensor is only capable of detecting strain or deformation in a singular direction. This limits the usefulness of the sensor in real-life applications. For characterization of complicated multi-directional deformations on a surface, it is necessary to measure strain in three dimensions, eX, eY, eӨ. To accomplish this, three of the same strain sensors are arranged to form a rosette, each sensor oriented at 120 degrees from each other forming an equilateral triangle formation. The placement of three equally spaced strain sensors, each with a fixed 60 degree angle from each other, is called a planar 60-delta rosette gauge 
The strain on each rosette gauge can be represented in terms of principal strain on x and y axis with corresponding rotation angles Ө, Ө +60 degrees, and Ө +120 degrees. Using the following strain transformation equations it is possible to determine the directionality of the strain applied.
We can measure the strain values of ɛx, ɛy, and ɛz, and with those values it is possible to calculate the principal strain values x and y, and their orientation θ with the following equations. , = ɛ +ɛ +ɛ
The "+/-" in Eq. 4 is used to calculate the maximum and minimum principle strain, respectively, in Mohr's circle. 
Stacked Multi-layered Device
Additionally, the rosette-type strain sensor was made up of 3 stacked devices instead of planar devices arranged in a rosette shape. The major disadvantage to a planar rosette is the larger surface area covered. Whereas a stacked rosette will occupy the least amount of area and has the center of all the gauges lying over the same point on the surface. Therefore a stacked rosette has better accuracy on strain measurements. The strain sensing device combines the multi-directional measuring abilities of a rosette pattern and it also improves upon this design by stacking the devices for better size management and signal resolution.
The strain sensing characteristics of the rosette shaped stacked device under stretching was investigated by the same method as that of the single graphene strain device, however now the resistance change of the three strain sensors was measured. Figure 24 shows the measurement of the resistances as a function of the applied strain for all three strain gauges. The stretching was applied along the x-axis, such that the 'x' gauge and the other two gauges were positioned at the same distance and oriented at the same angles with respect to the 'x' gauge. It was measured that as the strain was increased to the sensors, the resistances measured also increased. The change in the normalized resistance from the 'x' gauge was smaller than that of the other two gauges. As previously discussed, with the values of the strain on the three strain sensors known, the principal strain and their orientation with respect to the rosette axis can be estimated. The robustness of the device was tested by performing the strain test several times. Figure 25 shows the measurements of the three strain sensors, and it shows the change in the resistance repeated in the repeated strain tests. This verified that the fabricated rosette graphene strain device has a very robust capability of sensing strain.
The plots, shown in Figure 13 , show the relationship between resistance and strain. As strain is increased, the resistances of the strain sensors linearly increase. Variations in the linear relation are due to breakage in the graphene and uneven stretching of the PDMS substrate. If there is a slight drop in resistance this is due to ripples in the graphene that are evening out as strain is applied. The stacked design of the sensor also contributes to the slight variations in resistance responses to the strain. But as the resistance plots shows, the sensors show similar and consistent responses to the same applied strain.
Each individual sensor was characterized, shown in Figure 13 and 14, a constant and consistent application of strain was applied to the device and the resistance for each sensor was measured.
Strain values for sensors 1, 2, and 3 from this resistance-change data is calculated to 10%, 2.67%, and 2.67%, when the principal strain of about 10% is applied in the X-direction. As previously discussed, when the values of the three independent strains from the three sensors is known, the principal strains and their orientations with respect the rosette axis can be estimated.
The principal strains eX and eY and their angle of orientation are calculated by inserting the three stain values of the three sensors into Eq. 7 and 8 and are found to be 10%, 0.22%, and 0°, respectively. The calculated value of 10% for maximum principal strain (eX) matches the applied strain value, and this is indicative of good accuracy and sensing capability of the stacked graphene rosette strain sensor. The change in resistance characteristics repeated multiple times as the gradual increase and decrease of applied strain, and this verified that the fabricated stacked rosette graphene sensor showed a stable capability of sensing strain under repeated measurements. 
Sensor 3
The angle of the direction of applied strain was also varied to test the ability of the sensor to measure the directionality of our graphene sensor. The device was rotated so that the direction of applied strain was in the same line as sensor 2 and the resistance was measured as strain was applied like before, shown in Figure 14 . The strain values for sensors 1, 2, and 3 were measured as 2.67%, 10%, and 2.67% respectively. Using these strain values and Equations 7 and 8, the principal strains eX and eY and their angle of orientation are calculated to be 10%, .22%, and -30°, respectively. The calculated value of 10% for maximum principal strain (eX) matches the applied strain value, however the angle was different from the expected value. Possible explanations for this is that during set-up the device was not rotated fully and so strain was not perfectly in-line with sensor 2, another explanation is that the calculations are correct and that our expected value is incorrect. This test does show that the strain sensor can detect variations of direction of applied strain and that it still accurately measures the principle strain values.
CHAPTER 4: SUMMARY
Conclusion
This paper presented a method of patterning and transferring graphene and demonstrated the successfulness of these methods by fabricating a stacked graphene rosette strain sensor. We have shown that the properties of graphene are useful for electronic and sensing applications.
Both theoretical and experiment reports indicate that graphene is a viable candidate for flexible sensor applications. A graphene based piezoresistive strain sensor was fabricated by integrating graphene resistors on a flexible PDMS substrate. A reliable method of patterning graphene into a desired pattern and a method for transferring that graphene onto a flexible substrate was also developed. The use of graphene for high performance pressure sensor applications was demonstrated by the characteristics of the piezoresistive effect of graphene and the sensitivity of graphene to strain and pressure. Graphene's intrinsic flexibility, it allows for successful fabrication of a stacked device in a rosette pattern. Therefore a strain device in this configuration is able to detect magnitude and direction of principal strains in three dimensions and in a small area device.
Future work
The development of a reliable method of graphene patterning and transfer, this allows for stable isolation of graphene on a flexible substrate. These methods can be utilized in the fabrication of different types of graphene sensors and in the field of wearable electronics.
Sensitivity of the graphene sensor can be further improved by integrating a full Wheatstone bridge into the graphene based sensing device. A Wheatstone bridge will increase the sensitivity of the graphene resistor allowing it to detect even smaller changes in strain.
